Summary.
Paraneurons are those cells which have not been designated as neurons but are recognized as closely related to neurons on the basis of their fine structure (possession of neurosecretion-like and synaptic vesicle-like granules/vacuoles), metabolism (production of neurosecretionand neurotransmitter-like substances) and origin (evidenced or proposed neuroectodermal).
Some paraneurons are mainly endocrine in function, while others are sensory.
Some should be called interneurons.
There are graduations between these types of paraneurons ; also a definite boundary between neurons and Paraneurons can not be determined.
Different types of paraneurons (together with some related neurons) are shown in Figure 1 . Comments and discussions were given on the neuron-like characteristics of the individual paraneurons.
1.
APUD series of A. G. E. Pearse
Recent advances in fluorescence histochemistry of biogenic amines, especially the wide application of the Falck-Hillarp technique to various tissues of the body, have revealed that monoamines may be contained not only in the chromaffin cells in the adrenal medulla, paraganglia and gastro-enteric mucosa, but also in a large variety of peptide hormone-producing cells such as thyroid parafollicular cells and gastroentero-pancreatic (GEP) endocrine cells other than the enterochromaffin cells. Occurrence of amines in the cells has been demonstrated especially clearly after administration of amine precursors such as L-dopa and 5HTP. These amine precursors are taken up by the endocrine cells and decarboxylated into amines within the cells.
Professor A. G. E. PEARSE at the Hammersmith Hospital in London, thus, proposed his APUD (Amine Precursor Uptake and Decarboxylation) series and reported that all the cells belonging to this series are derived from the neural crest, just as sympathetic ganglion cells are (PEARSE, 1969; PEARSE and POLAK, 1971a, b) . The concept of PEARSE has received considerable acceptance but it has some weak points.
Firstly, PEARSE's categorization of cells is based merely on the ability of the cell to produce amines. This may lead to a contradiction in that cells which should, from morphological, embryological and cell-biological viewpoints, be reasonably included in a single cell family are divided into APUD and non-APUD categories; this occurs only because one cell shows, after amine precursor loading, a positive formaldehyde induced fluorescence (FIF) reaction whereas the other, a negative FIF reaction.
In the pituitary gland, for instance, corticotrophs and somatotrophs were identified as APUD cells because they were positive in FIF reaction, while other pituitary cells had to be excluded from the APUD series because of their negative reaction (TAKOR TAKOR and PEARSE, 1973) .
Moreover, the cells which produce substances related to amines, such as melanocytes which produce melanin, a derivative of dopa, and pinealocytes which produce melatonin, a derivative of 5HT, were not included by PEARSE in his APUD series, although the occurrence of these substances in the cells supports their neuron-related nature as strongly as the FIF positive amine reaction does.
Secondly, PEARSE considers only endocrine cells in his APUD series and either hesitates or neglects to include such typical amine producing cells as mast cells and some sensory cells including gustatory cells. The amine producing ability of gustatory cells has been repeatedly demonstrated (NADA and HIRATA, 1975, 1976) .
Thirdly, the fluorescence microscope study on sections of embryos by PEARSE and his associates reporting that APUD cells are derived from the neural crest (PEARSE, 1969; PEARSE and POLAK, 1971a, b) was not confirmed by experimental-embryological studies as far as the avian GEP endocrine cells are concerned (DOuARIN and TEILLET, 1973; ANDREW, 1974 ANDREW, , 1975 ANDREW, , 1976 . Some APUD cells such as adrenal chromaffin cells originate in the neural crest; but for other cells, the possibility that they may derive from other parts of the neuroectoderm may also be worthwhile to consider. In his recent papers, PEARSE also began to write of "neuroectodermal origin" instead of "neural crest origin" of the APUD cells (PEARSE , 1975 (PEARSE , , 1976 .
Paraneuron and its criteria
On the occasion of the Internationational Symposium on "Chromaffin, Enterochromaffin and Related Cells" which was held in 1975 in Gifu, Japan, the author proposed the concept of "paraneuron" (FUJITA and KOBAYASHI, 1975; FUJITA, 1976) . In contrast to the cytochemical viewpoint in PEARSE's APUD series, the author attempted to categorize the "relatives" of neurons from a cell-biological standpoint (FUJITA and KOBAYASHI, 1975; FUJITA, 1976) .
Paraneurons are those cells which generally and traditionally have not been counted as neurons and yet should be regarded as the relatives of neurons on the basis of their structure, function, metabolism and origin. Naturally, there is no clear boundary between the neurons and paraneurons.
The criteria of the paraneuron were listed in 1976 as follows (FUJITA, 1976) . 1. A paraneuron is a cell which is able to produce (1) substance(s) identical with or related to neurotransmitters or suspected transmitters, and (2) protein/polypeptide sustance(s) which may possess hormonic actions.
2. A paraneuron is a cell which possesses synaptic vesicle-like and/or neurosecretion-like granules.
3. A paraneuron is a cell which is recepto-secretory in function. It releases secretions in response to adequate stimuli acting upon its receptor site on the cell membrane.
4. A paraneuron is a cell whose origin is common with neurons, i.e. neuroectodermal origin.
3.
Some comments on paraneuron criteria
The neurotransmitters and related sustances hitherto detected as the products of different paraneurons have been listed elsewhere (Table 1 in FUJITA, 1976) . Monoamines which belong to this category of substances have been reported to be produced in many of the paraneurons in addition to protein/polypepti.de substance(s) which may have hormonic actions. As analyzed in the GEP endocrine system (FUJITA and KOBAYASHI, 1977) , the boundary between hormones and neurotransmitters has become increasingly vague and many "hormonal" products of paraneurons act as local hormones which probably also act as "transmitters,"
stimulating the neurons and other elements of the locus.
Substance P, a polypeptide transmitter of sensory neurons, has been known to be produced by some endocrine cells in the gut and bile ducts (PEARSE and POLAK, 1975; HEITZ et al., 1977) . This substance, in addition to its possible action upon the subepithelial nerve elements, is believed to control, as the local hormone, intestinal movement and secretion as well as the blood flow in liver lobules ' (ERSPAMER and MELCHIORRI, 1977) . Other polypeptide products of neurons, e.g., somatostatin (HOKFELT et al., 1975; POLAK et al., 1975; ORcI et al., 1975) , neurotensin (ORcI et al., 1976; SUNDLER et al., 1977) , endorphin (ELDE et al., 1976) and GABA (OKADA et al., 1975 (OKADA et al., , 1976 have been reported to be contained in the intestinal and/or pancreatic endocrine cells.
To add a comment to morphological criteria of paraneurons, it has been demonstrated in some paraneurons and is expected to be demonstrable in all other paraneurons as well, that, in accordance with the neurosecretory granules and synaptic vesicles, the secretory granules are formed by the granular ER-Golgi system; and their contents, usually including amines and ATP and other adenine nucleotides besides proteins and peptides, are emiocytotically released in quanta, in response to the stimuli to the cell (KOBAYASHI, 1976a; KOBAYASHI and SASAGAWA, 1976) . Thereby, the limiting membrane of the granules are attached by bristle-like substances, and these membrane parts are pinched off into coated vesicles; these in turn are likely to be reutilized in the Golgi vesicles as new granule sacs. Electron microscopic images suggesting this membrane retrieval have been reported in a variety of paraneurons (adrenal chromaffin cells: NAGASAWA and DOUGLAS, 1972; gut endocrine cells: KOBA-YASHI and SASAGAWA, 1976; anterior pituitary cells: SHIINO and RENNELS, 1975, etc.; parafollicular cell: NUNEZ and GERSHON, 1976) .
To the third, or functional, criterion of paraneurons, one may perhaps say that every cell, as far as it responds to its environment, is recepto-secretory in nature. However, in the case of paraneurons, the function of stimulus reception is more or less highly specified, so that many of the paraneurons have been called "sensory cells" and "chemoreceptors," though their secretory nature is evident in their forming secretory granules and/or synaptic vesicles and releasing hormones and/or transmitters. As in the case of neurons, it is now more and more likely that the receptors of the paraneurons are located on or in the plasma membrane of the receptor portion of the cell, which is either localized in such a special sensory apparatus as a tuft of microvilli, cilia and bulbous protrusion of cytoplasm, or, apparently, spread all over the cell surface.
Pancreatic A and B cells may be regarded as the representatives of the endocrine cells among the paraneurons; yet, they are chemoreceptors specifically sensitive to glucose. On the basis of their experiments using stereoanomers of D-glucose, NIKI et al. (1974) proposed that the glucose receptors, which are stereospecific to the «-anomer, are on the surface of the A and B cells, while similar receptors were either demonstrated or postulated to occur also on the GLI releasing cell in the gut 1) In some animals , Substance P producing cells have been shown in the epithelium of the bile ducts (HEITZ et al., 1977) . Substance P released from the cells is received by the peribiliary capillary plexus and presumably conveyed by the peribiliary portal vessels (MURAKAMI et al., 1974) to the hepatic lobule. (MATSUYAMA et al., 1976) , gustatory cells in the taste buds (HALTER et al., 1975) and in the neurons in the satiety and hunger centers in the hypothalamus (NIKI and NIKI, 1976) . The typical type of diabetes mellitus has been suggested to be caused by the dysfunction of these glucose receptors in all of these neurons and paraneurons , 1976; NIKI and NIKI, 1976 For the time being, however it seems worthwhile to attempt to confirm the hypothesis of every paraneuron originating from the neuroectoderm. o. Merkel cell of the skin.
p. Melanocyte. q. Mast cell. The cells in parentheses (k, 1, m, n) are those which have been called neurons, but they are included in the list in order that the graduations from typical endothelial cell to typical sensory cell (d, e, f, g --~ h -~ i -* j -* k, 1, m, n, o) can be more clearly visualized (Fig. 1) .
5.
Remarks on some paraneurons and related neurons
Chromaffin cells of the adrenall medulla and in paraganglia are derived from the neural crest. The cells produce, besides noradrenaline (NA cell) and adrenaline (A cell), ATP and chromogranins (polypeptide) whose biological actions, if any, are unknown.
SIF cells (WILLIAMS et al., 1976) and carotid body chief cells (MCDONALD and MITCHELL, 1975; KOBAYASHI, 1976b) are interneurons.
Besides the usual synaptic vesicles gathered on its synaptic sites, the cell possesses larger granules with a dark core which are found in the peripheral portions of the cell apart from the synaptic sites and are apparently endocrine in nature. They show an intense FIF reaction after amine precursor administration.
Their products of peptide nature are unkown as yet.
Parafollicular cell of the thyroid in the mammals, together with the cell of the postbranchial body in lower vertebrates, has been shown in the earlier studies by PEARSE and his associates to have the APUD ability (PEARSE, 1969; PEARSE and POLAK, 1971a) ; these authors also reported that the cells are derived from the neural crest (PEARSE and POLAK, 1971a) , though this seems to need further confimation.
Parathyroid cell belongs to the same category of peptide hormone producing cells and it is reasonable to include it as a probable paraneuron, though its neuroectodermal origin has not been demonstrated.
The FIF reaction of this cell, if any, may not be demonstrable, as the secretory granules which might contain amines after precursor administration, are usually sparse in this cell. Anterior pituitary cell may be regarded as one of those endocrine cells whose relation to nerves is the least evident. Usually no nerve fiber approaches the cell. Its origin from "specialized neuroectoderm of the ventral neural ridge" was proposed by TAKOR-TAKOR and PEARSE (1975) , but this seems to be difficult to confirm. Yet we have a conspicuous variation of anterior pituitary cell in direction towards the sensory paraneurons.
This "missing link" is apparently represented by the prolactin cell of some teleostean larvae (milkfish, Chanos chanos) demonstrated by OLssoN (1973) . This cell projects a long cilium into a canal which occurs in the pituitary gland and is continuous to the oral cavity.
OLssoN believes that this cell releases its prolactin granules from the cell base in response to the osmotic changes in the canal detected by the apical receptor site of the cell.
Pancreatic islet cell may be apparently free of synaptic connection to nerves in some species but in others (dog and bat) it heavily receives both adrenergic and cholinergic type nerve endings, just like the adrenal chromaffin cell (Fig. 1) . In the dog, some islet cells may be directly attached by numerous axons and Schwann cell cytoplasm, while others by ganglion cell perikaryon, thus forming the neuro-insular complex (FUJITA, 1959; KOBAYASHI and FUJITA, 1969) . SMITH (1975) reported that in the dog islet, cell groups are limited, though incompletely, by attenuated cytoplasm of Schwann cells, which, according to his view, might electrically isolate the islet cells from the exocrine part. Numerous gap junctions occur between islet cells and, furthermore, it has been evidenced that the islet B cells show action potential-like electrical activity in response to glucose stimulation (DEAN and MATHEWS, 1970; MEISSNER and SCHMELZ, 1974) .
As the homologous partner of pancreatic endocrine cells, basal-granulated cells, the sourses of peptide hormones such as gastrin, secretin, pancreozymin as well as of serotonin and other monoamines, are dispersed in the gut mucosal epithelium. The cells are generally free of nerve synapses but it seems likely that the afferent elements of subepithelial nerves may be stimulated by the products released from the base of the cells such as serotonin, dopamine and Substance P (neurotransmitters). Occurrence of peptides common to the neurons and GEP endocrine cells has repeatedly been reported: gastrin (VARDERHAEGEN, SIGNEAN and GEPT, 1975) , somatostatin (ARIMURA et al., 1975) , Substance P (PEARSE and POLAK, 1975) and VIP or vasoactive intestinal polypeptide (SAID and ROSENBERG, 1976) . The basal-granulated cells are believed to represent the receptors of the chemical information in the gut lumen, possessing a microvillous receptor site on the top of the cell (FUJITA and KOBAYASHI, 1971, 1973) , Thus, the gastro-enteric basal-granulated cells are similar in structure and function to the gustatory cells of the taste bud. The bronchial basal-granulated cells, possessing numerous endocrine granules and receiving afferent and/or efferent synaptic terminals, are regarded as the transitional forms between the gut endocrine and gustatory cells. Then follows a series of paraneurons and neurons of sensory nature, including the olfactory cell, inner ear and lateral line hair cells, visual cells of retina and pinealocyte of lower vertebrates which is specifically sensitive to light. The last cell is then continuous to the pinealocyte of mammals which represents a paraneuron of endocrine type, producing melatonin, a derivative of serotonin.
The structure of the apical or receptor portion of the sensory cells are conspicuously different according to the kinds of stimuli and also to the kinds of animals examined.
The photoreceptor apparatus of cones and rods is a highly specialized structure of the cilium. The hairs of the olfactory cell are less modified cilia, while those of inner ear cells are one kinocilium plus regular rows of modified microvilli. Other sensory cells may possess microvilli, single cilium and/or a bulbous projection of apical cytoplasm.
Stimuli, whatever it may be, are thought to be transduced into an molecular change (generally allosteric) of the final receptors located on or in the plasma membrane of the receptor site of the cell, so that the stimulus-secretion coupling of the cell which seems essentially the same in every neuron and paraneuron might be triggered.
What is essential for the sensory cells seems thus to be the molecular structures and arrangements on and in the cell membrane and not the cell organelles from which the receptor portion of the cell has been specialized. ROTH and TScHARNKE (1976) , for instance, demonstrated that the electroreceptor cells of fish may possess receptor sites of different natures: a tuft of microvilli in teleostei, a kinocilium in elaomobranchii, and a cytoplasmic polyp-like projection in dipnoi.
Recent studies on the liquor contacting neurons have revealed their characteristic apical structures and their synaptic connections (VIGH and VIGH-TEICHMANN, 1973; VIGH-TEICHMANN and VIGH, 1974) . The morphology of these cells strongly supports the view that they are chemoreceptors of the cerebrospinal liquor, although this has not been evidenced by physiological experiments.
Merkel cell is the mechanoreceptor of the skin. Its basal cytoplasm contains membrane-bound granules of a neurosecretory type. Its amine producing ability has been suspected but not successfully demonstrated by FIF technique as yet. Its neuroectodermal origin has not been demonstrated, yet denervation experiments, which cause prompt and complete degeneration of Merkel cell (ENGLISH, 1977) indicates the nerve dependent nature of the cell, as in the case of gustatory cell.
Melanocyte is one of those paraneurons whose neuroectodermal (neural crest) origin has been unequivocally demonstrated by experimental-developmental studies. In lower vertebrates the cell is provided with elaborate dendrites and may receive a sympathetic nerve terminal.
Mast cell in some lower animals like urodele has also long dendrites. The amine production (serotonin, histamine, etc.) as well as the receptosecretory cell mechanism of this cell suggests the possibility of its neuroectodermal origin. The result of our experiments using amphibian larvae, removing and exchanging the neural crest has been only unequivocal as to whether mast cells might come from the neural crest (HIRANO, OHASHI and FUJITA, 1974) . ALROY et al. (1975) reported that a tumor in the cat intestine hitherto believed to be carcinoid of enterochromaffin cell has turned out to be a kind of mastocytoma.
Intimate relation of mast cells to nerve fibers in normal tissues (HEINE and FoRSTER,1975) and to Schwann cells in schwannoma (ISsAcsoN, 1976) has been pointed out. The ultrastructure of cutaneous type I mechanoreceptors (Haarscheiben) in cats following denervation. J.comp. Neurol. 172: 137-164 (1977) . Erspamer, V. and P.Melchiorri : Polypeptides of the amphibian skin active on the gut and their mammalian analogues (Abstracts). In: (ed. by) V.Speranza, N.Basso and E.Lezoche: Int. Symp. Gastrointestinal Hormones and Pathology of the Digestive System. New Trends in Pathophysiology, Diagnosis and Therapy. (Rome, June 13-15, 1977) . Fujita, T.: Histological studies on the neuro-insular complex in the pancreas of some mammals.
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